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The present manuscript demonstrates the hole transport mechanism in an organic/inorganic hybrid
system based on in-situ grown cadmium telluride (CdTe) nanocrystals in a poly(3-hexylthiophene)
(P3HT) matrix. The increase of hole current in the hybrid system is correlated with the formation of
a host-guest (P3HT-CdTe) charge transfer complex duly supported by photoluminescence
quenching. The hole transport mechanism in P3HT is governed by a space charge limited current
with temperature, carrier density, and field dependent mobility. Incorporation of CdTe nanocrystals
in a polymer matrix results in enhancement in the value of trap density Hb from 2.8 1018 to
5.0 1018 cm3 and reduction in activation energies from 52 meV to 11 meV. At high trap density,
trap potential wells start overlapping; this results in decrease of activation energies.
VC 2011 American Institute of Physics. [doi:10.1063/1.3594647]
I. INTRODUCTION
Conjugated polymer poly(3-hexylthiophene) (P3HT) is
well known for its application in solar cells as an electron
donor material in combination with n-type inorganic nano-
crystals, which results in better electron transportation and
improved efficiency.1–6 In comparison to the all organic
electron donor:acceptor devices, this hybrid approach of the
photo-active medium is supposed to be the better option as
they possess the desirable characteristics of both organic
(absorption) and inorganic (transport) systems. Up to now,
the organic-inorganic hybrid thin film solar cells have exhib-
ited a power conversion efficiency of up to g 3%,7 which
is relatively small compared to the P3HT:PCBM system
(g 6%).8 The lower g in hybrid system is because of an
inadequate charge transfer between polymer-nanocrystals
and the poor nanoscale morphology of the composites film.
In a conventional route, nanocrystals are synthesized through
the use of surface ligands. The incorporation of such nano-
crystals with the polymer would form an insulating interface,
which hinders the electron transfer from the photo-excited
polymer to the nanoparticles.9 The in-situ growth of the
nanocrystals in polymer templates controls the dispersion of
the inorganic phase in organic thus providing a large distrib-
uted surface area for charge separation. Moreover, nanopar-
ticles are uniformly dispersed in the entire device thickness
and thus contain a built in percolation pathway for transport
of charge carriers to the respective electrodes.
The main elements used in hybrid solar cells are P3HT
(donor) and CdSe nanocrystals (acceptor). As CdTe absorb a
higher amount of solar radiation compared to the cadmium
Selenide (CdSe), replacement of CdSe with CdTe therefore
would enable these hybrid devices to be further enhanced in
power conversion efficiency. This new photovoltaic element,
i.e., P3HT incorporated with in-situ grown CdTe nanocrys-
tals, could provide a new nanoscale criterion for the investi-
gation of photoinduced energy/charge transport in organic/
inorganic interfaces. The improved performance of hybrid
solar cells is expected because of the improved charge trans-
fer at the organic/inorganic interfaces10 and enhanced solar
radiation absorption. There are practically no discussions
available on P3HT incorporated with CdTe nanocrystals
related to the study on its charge transport.
The objective of this paper is to study the effect of
in-situ incorporation of CdTe nanocrystals on the hole trans-
port in P3HT conjugated system. For this, we have studied
current density versus voltage (J–V) characteristics of pure
P3HT as well as P3HT-CdTe nanocomposite thin films in a
hole-only device configuration as a function of temperature.
Based on these investigations, we have found very interest-
ing and important results wherein the incorporation of CdTe
nanocrystals in P3HT matrix results in the enhancement in
the hole current and change the transport mechanism from
the mobility model to the trap model.
II. THEORY
A. Exponential distribution of trap states
Due to the low mobility of charge carriers in organic
semiconductors, the injected carrier forms a space charge.
This space charge creates a field that opposes the applied
bias and thus decreases the voltage drop across junction; as a
result, space charge limited currents (SCLCs) have been pro-
posed as the dominant conduction mechanism in organic
semiconductors.11,12 Ohmic conduction can be described by
J ¼ qnlV
d
; (1)
where q is the elementary charge, d is the thickness of the
film, l is the carrier mobility, and n is the carrier density.
Pure SCLC with no traps is given by Child’s law13
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j ¼ 9
8
ere0l
V2
d3
; (2)
where ere0 is the dielectric permittivity.
SCLC theory with an exponential trap distribution pro-
poses that the space charge that limits conduction is stored in
the traps. The exponential distribution of traps in energy and
space is described as14
NðEÞ ¼ Hb
Et
exp  E
Et
 
; (3)
where N(E) is the distribution function of hole trap density at
an energy level E above the valence bandedge, Hb is the total
trap density at the edge of valence band. Et is the characteris-
tic trap energy that is often expressed in terms of the charac-
teristic temperature of trap distribution TC as Et¼ kBTC and
l¼Et/kBT¼TC/T. where kB is the Boltzmann constant. The
parameter l determines the distribution of traps in the forbid-
den gap.
In case of exponential distribution of traps, assuming
that the trapped hole carrier density (pt) >> free hole carrier
density (p) and using continuity equation and boundary con-
dition for current density (J) and applied voltage (V) as
J ¼ qlpðxÞFðxÞ; (4)
V ¼
ð
FðxÞdx: (5)
The expression for J is given by
J ¼ q1llNv 2lþ 1
lþ 1
 lþ1 l
lþ 1
ere0
Hb
 l Vlþ1
d2lþ1
; (6)
where F(x) is the electric field inside the film and Nv is the
effective density of states. From Eq. (6), the slope of the cur-
rent-voltage characteristics on a log-log plot is lþ 1. There-
fore from the slopes on the log–log plots of current density
versus voltage, one can extract the trap energy width Et.
B. Unified mobility model
This model is based on percolation in a variable range
hopping (VRH) system with an exponential distribution of
localized states.15–17 Percolation is the term used for move-
ment of charge carriers through a random network of
obstacles. Consider a square lattice, where each site is ran-
domly occupied or empty. Occupied sites are assumed to be
electrical conductors while the empty sites represent insula-
tors, and the electrical current can flow between nearest
neighbor conductor sites. Percolation paths are the most opti-
mal paths for current and transport of charge carriers, which
are governed by the hopping of charge carriers between these
conducting sites. The system can be described as a random
resistor network,18 a system made up of individual discon-
nected clusters of conducting sites the average size of which
is dependent on a reference conductance G. The conductance
between sites is given by
G ¼ G0 exp sij
 
(7)
with
sij ¼ 2arij þ
Ej  Ei
 þ Ei  EFj j þ Ej  EF 
2kBT
: (8)
All conductive pathways between sites with Gij < G are
electrical insulators, while conductive pathways between
sites with Gij  G are electrical conductors. At some critical
conductance in between, therefore, a threshold conductance
GC exists where for the first time, electrical current can per-
colate from one edge to the other.
A bond is defined as a link between two sites that have a
conductance Gij  G. The average number of bonds B is
equal to the density of bonds; (Nb) divided by the density of
sites that form bonds, (Ns) in the material. Critical bond
number BC is the average number of bonds per site for which
threshold percolation occurs. The onset of percolation is
determined by calculating the critical average number of
bonds per site17
BðG ¼ GCÞ ¼ BC ¼ Nb
NS
: (9)
Vissenberg and Matters16,19,20 set the critical bond number
to Bc5 2.8. The total density of bonds is given by
Nb ¼ 4p
ð ð ð
r2ijgðEiÞgðEjÞhðsc  sijÞdEidEjdrij: (10)
The density of sites Ns
Ns ¼
ð
gðEÞhðsckBT  E EFj jÞdE: (11)
At a low carrier concentration, exponential density of states
in amorphous organic semiconductors is given by:17,20
gðEÞ ¼
N0
kBT0
exp
E
kBT0
 
0;E > 0
8<
: ; 1 < E  0; (12)
where No is the total density of states (molecular density) per
unit volume and To is a characteristic temperature that deter-
mines the width of the exponential distribution.
Combining Eqs. (8) to (12), the expression for Bc
BC ¼ pN0 T0
2aT
 3
exp
Emax
kBT0
 
; (13)
where Emax ¼ EF þ sCkBT is the maximum energy that par-
ticipates in bond formation. According to the percolation
theory, the conductivity of the system can be expressed as
r ¼ r0 exp½sC; (14)
where r0 is the prefactor and sc is the critical exponent of the
critical conductance when percolation first occurs (when
B5Bc). Using Eqs. (13) and (14), we get
r ¼ r0 T0
T
 4sin p TT0
	 

BC 2að Þ3
p
2
4
3
5
T0=T
: (15)
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The conductivity can be converted into mobility by dividing
by e. p, where e is the electronic charge and p is the carrier
density:21,22
lðT; p;FÞ ¼ r0
q
T0
T
 4 sin p TT0
	 

BC 2að Þ3
2
4
3
5
T0=T
p
T0
Tð Þ1: (16)
The average charge carrier density as a function of the
applied bias voltage V is given by13
pðVÞ ¼ 0:75 e0erV
qd2
 
: (17)
III. EXPERIMENTAL
CdTe nanocrystals ( 5 nm) have been grown in-situ in
a P3HT matrix. In a typical synthesis of P3HT11, 50 mg
P3HT has been dissolved in 10 ml chlorobenzene. Cadmium
acetate dihydrate, 0.2 mmol (0.1 mmol for P3HT1.5, 0.4
mmol for P3HT12, and 0.6 mmol for P3HT13), was added in
P3HT-chlorobenzene solution. The reaction mixture was
heated for 2 hr at 160 C. A tellurium precursor was made by
treating 0.4 mmol (0.2 mmol for P3HT1.5 or 0.8 mmol for
P3HT12, and 1.2 mmol for P3HT13) tellurium powder
(Acros organics) in trioctylphosphine (TOP) (Sigma Aldrich,
USA), at 160 C for 2 hr under argon flow. The tellurium
precursor so obtained has then injected into the P3HT-Cd so-
lution, and the resultant bright orange reaction mixture was
allowed to react for 2 hr at 160 C under argon atmosphere.
Growth of CdTe NCs has been completed when the solution
color turned black. After completion of the reaction, the
unreacted Cd-acetate and Te precursor were been removed
by treating nanocomposites with hexane. The reaction mix-
ture was separated by centrifugation and dried in vacuum at
80 C.
The effect of CdTe nanocrystals on the hole conduction
in P3HT has been carried out at different temperatures in
hole only device configuration. For this purpose, the hole
conduction mechanisms of P3HT as well as P3HT-CdTe
nanocomposites thin films have been investigated in device
configuration viz. indium tin oxide (ITO)/poly(3,4-ethylen-
dioxythiophene)-poly(styrene sulfonate) (PEDOT:PSS)/
P3HT/Au and ITO/PEDOT:PSS/P3HT-CdTe/Au, respec-
tively. These devices are designated as device A and device
B, respectively. Work functions of Au and ITO are close to
the highest occupied molecular-orbital (HOMO) of P3HT
and CdTe as well as far below the lowest unoccupied molec-
ular-orbital (LUMO) energy level (Fig. 2(a)); as a result, in
the Au: ITO device, the transport is dominated by holes. For
the preparation of devices A and B, ITO (sheet resistance,
18 X/cm2) substrates have been carefully cleaned in ultra-
sonic baths of acetone and isopropyl alcohol and dried at
120 C for 60 min in vacuum. PEDOT:PSS layers have been
spin-coated at 2000 rpm for 2 min onto the ITO substrate
and cured at 120 C for 60 min in vacuum. P3HT and P3HT-
CdTe both have been taken with a concentration of 20 mg/
ml in chlorobenzene. Thin films of P3HT and P3HT-CdTe
have been spin casted in inert atmosphere, followed by
annealing at 120 C for 30 min. Finally, gold (Au) contact,
200 nm, has been applied via evaporation through a shadow
mask at 2 106 Torr. The device active areas have been
taken 0.1 cm2 for all the devices discussed in this work.
J–V characteristics of the devices have been measured with
Keithley 2400 Source-Measure unit, interfaced with a
computer.
IV. RESULTS AND DISCUSSION
Figure 1(a) shows the transmission electron micrograph
(TEM) of P3HT-CdTe nanocomposite. Nanocrystals of
CdTe have been found in between the polymers chain. The
inset of Fig. 1(a) shows the high resolution TEM (HRTEM)
and electron diffraction pattern of CdTe nanocrystals in
P3HT matrix. In Fig. 1(b), we compared photoluminescence
(PL) spectra of pristine P3HT with that of different nano-
composites of P3HT-CdTe. The PL intensity of the nano-
composites has been significantly reduced as compared to
the value of pristine P3HT, and the reduction of PL intensity
has been increased with the increase of the CdTe concentra-
tion in polymer. The reason for the photoluminescence
quenching in composites may be due to the p–p interaction
of P3HT with CdTe,23 forming additional decaying paths of
the excited electrons through the CdTe (see Fig. 2(a)).
Reduced PL intensity of the composites relative to the refer-
ence P3HT, indicates the host-guest charge transfer complex
formation and, thereby, the occurrence of exciton dissocia-
tion at interface between P3HT and CdTe-NCs.24 This PL
quenching experiment provides good evidence that the nano-
particles will be able to transfer their excited state hole to the
polymer.
Figure 2 shows the J–V characteristics of device A
measured in the temperature range of 290-150 K. On
FIG. 1. (Color online) (a) TEM images of above syn-
thesized CdTe nanocrystals in P3HT matrix (Bar scale
10 nm). Inset shows electron diffraction patterns of
P3HT-CdTe nanocomposites. (b) Photoluminescence
spectra of P3HT and different P3HT-CdTe nanocompo-
sites films after excitation by radiation of 375 nm
wavelengths.
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lowering the temperature, the current has been found to
decrease. In organic semiconductors, charge transport is gov-
erned by hopping of a carrier from site to site of an empty
density of states. The thermal energy helps to cross the ener-
getic barrier between two adjacent sites. This implies that
the charge transport in organic semiconductor is thermally
activated. Therefore on lowering the temperature, the current
has been found to decrease.
At low applied bias, the J–V characteristics showed ohmic
behavior [Eq. (1)] as injected carriers are negligible compared
to that of the applied bias.25 At moderate field, the injected
carrier density becomes so high that the field due to the car-
riers dominates the applied bias. At this point, the J–V charac-
teristics may switch to pure SCLC and follow Eq. (2). On
further enhancement of field, the quasi-Fermi level intersects
an exponential trap distribution, and characteristics will begin
to follow Eq. (6). The hole mobility up to this field is constant
and also independent of the hole density. The fit of the J–V
characteristics of the P3HT device using the Eq. (6) is poor at
high applied bias where current density deviates strongly as
expected from Eq. (6). This discrepancy has been analyzed by
unified mobility model given by Eq. (16). This model accounts
the influence of temperature, carrier density, and applied field
on the carrier mobility.17 The solid curves in Fig. (2) have
been obtained by combining Eqs. (6) and (16) using a com-
puter program. The value of different parameters for solid
curves are; d¼ 110 nm, er¼ 3, e0¼ 8.85 1014 F/cm,
Hb¼ 2.8 1018 cm3, Nv¼ 1 1019 cm3, TC¼ 400 K,
T0¼ 325 K, r0¼ 4 104 S/m, a1¼ 1.12 A˚, and Bc¼ 2.8.
Figure 3 shows the J-V characteristics of device B meas-
ured at different temperatures. Interestingly the nature of
P3HT-CdTe composite thin film is different than that of pris-
tine P3HT. In case of composite film, the hole current has
been observed to be more than that in pristine P3HT at all
temperatures. The inset of Fig. 3 shows the comparison of
J–V characteristics of devices A and B at 150 K. The compo-
sites exhibited an S-shaped characteristic, and the rate of
reduction of current with temperature is low compared to that
in pristine P3HT. We tried to fit the experimental data with
mobility model. The data did not show agreement with the
mobility model for single set of parameter values. On the
other hand, the comparison of experimental data with Eq. (6)
showed a good agreement with same value of parameters at
different temperatures. Solid curves in Fig. (3) represent the
plot of Eq. (6) at respective temperatures. The values of pa-
rameters used in the calculations are; Hb¼ 5.0 1018 cm3,
Nv¼ 6.0 1018 cm3, l¼ 6.0 105 cm2 V1 s1, d¼ 110
nm, and Tc¼ 400 K. For the characteristics measured at 250
K, 220 K, 195 K, 175 K, and 150 K, the agreement was
obtained for l¼ 7.8 105, 1.16 104, 2.4 104,
3.55 104, 7.5 104 cm2 V1 s1, respectively.
The enhancement in current density in P3HT-CdTe thin
film can be understood in terms of host (P3HT) and guest
(CdTe) charge transfer type interaction. In fact, there are var-
ious possibilities by which CdTe can interact with host
P3HT. It can either go structurally into P3HT main chain or
form donor/acceptor charge transfer complexes (CTCs) or
form molecular aggregates. However, the enhancement in J
in device B indicates that CTCs formation between the host
FIG. 3. (Color online) Experimental (symbols) and calculated (solid lines)
J-V characteristics of device B at different temperature in hole only device
configuration viz. ITO/PEDOT:PSS/P3HT-CdTe/Au. The inset shows the
comparison of J–V characteristics of device A and B at 150 K.
FIG. 2. (Color online) (a) Schematic
illustration of the energy diagram of
configuration of device B. The P3HT,
CdTe have HOMO levels at 5.27, 5.48
while LUMO levels at 3.37, 3.71,
respectively for facilitating the charge
transfer at the P3HT-CdTe. (b) Experi-
mental (symbols) and calculated (solid
lines) J–V characteristic of P3HT thin
films at different temperatures in hole
only device configuration viz. ITO/
PEDOT:PSS/P3HT/Au.
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and guest may be the dominant mechanism of interaction
between the two, duly supported by photoluminescence
quenching [Fig. 1(b)]. In the composites film, the CdTe
nanocrystals are bound with P3HT via dipole-dipole interac-
tion and form a CTC. The charge carriers, which had to
jump from one chain to another to transport through P3HT,
are now assisted by the CdTe nanocrystals. The calculated
value of activation energy of localized states has been found
to be 52 meV for P3HT and 11 meV for P3HT-CdTe. As
activation energy in P3HT-CdTe is lower compared to the
pristine P3HT, the CdTe nanocrystals support transportation
of holes; this improves their mobility and results into
enhancement in the current.
The change of mobility from field dependent in P3HT to
field independent in the P3HT-CdTe thin film can be
explained on the basis of increase of trap density (Hb) and
reduction in activation energy. Usually, an electric field
raises the mobility because it lowers the activation barriers.
In organic semiconductors, most of the charge carriers are
trapped in localized states. An applied field gives rise to the
accumulation of charge in the region of the semiconducting
layer. As these charges are accumulated, (i) spatial overlap
between the trap potential increases that lower the activation
barriers26 and (ii) only a fraction of total charge carriers are
required to fill all the traps, the remaining carriers will on av-
erage require less activation energy to hop away to a neigh-
boring site. This results in a higher mobility with increasing
field. Incorporation of CdTe nanocrystals in the P3HT matrix
simultaneously enhances the value of trap density from
2.8 1018 to 5.0 1018 cm3 and produces extrinsic charge
carriers.27 At high trap density, the trap potential wells over-
lap; this results in decreasing activation energies (from 52
meV to 11 meV). Furthermore, increase in the charge carrier
density on incorporation of CdTe nanocrystals in P3HT ma-
trix results in only partial filling of carriers even in deeper
intrinsic states; this leads to an upward shift of the Fermi
level to the effective transport level and concomitant
increase of the jump rate. This implies that even at low field
larger numbers of free charge carriers are available for trans-
port and hence the mobility in P3HT-CdTe films is inde-
pendent of applied field.
V. CONCLUSIONS
In conclusion, on in-situ incorporation of CdTe-NCs
into P3HT matrix, a pronounced change in the transport
mechanism and enhancement in hole current of the hybrid
system have been observed. Hole transport in pristine P3HT
has been observed to follow the unified mobility model,
whereas the hybrid film exhibited agreement with the trap
conduction mechanism, and mobility is field independent.
This change of the conduction mechanism is an important
finding and has been attributed to the enhancement in the
overlapping of traps potential wells; this results in a decrease
in activation energies. Our results constitute important pro-
gress for the use of inorganic nanocrystals in polymer for the
large area solution processed hybrid photovoltaic cells.
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